ABSTRACT Partial sequencing of mitochondrial DNA in the cytochrome oxidase subunit I gene of larvae, pupae, and reared adults conÞrmed that Asphondylia sphaera Monzen (Diptera: Cecidomyiidae) induces fruit galls on Ligustrum obtusifolium Siebold and Zuccarini, Ligustrum japonicum Thunberg, Ligustrum lucidum Aiton, and Ligustrum ovalifolium Hasskarl (Oleaceae) in Japan. In addition, part of the population of A. sphaera diverted into a short-season generation on ßower buds of Rhus succedanea L. and Rhus sylvestris Siebold and Zuccarini (Anacardiaceae), and L. japonicum as short-term alternative host plants or host organs other than fruit of Ligustrum species that are the main host organs. This situation is considered to be another type of polyphagy in addition to the host alternation that has been already documented in some Asphondylia species.
Because of their gall-inducing habit, gall midges (Diptera: Cecidomyiidae) have close relationships with their host plants and exhibit diverse life history strategies involving host plant range and phenology (Yukawa 1987) , providing us with useful information for studies of evolution of host associations between herbivores and host plants. Although many gall-inducing cecidomyiid species are monophagous or oligophagous, a few are polyphagous (Gagné 2004, Yukawa and Rohfritsch 2004) . In recent years, the polyphagy of additional galling cecidomyiids has been conÞrmed by means of DNA analysis. For example, Contarinia maculipennis Felt was considered, based on a taxonomic study by Gagné (1995) to be a polyphagous pest, infesting cultivated plants in seven families. Its polyphagy was later conÞrmed by mitochondrial DNA (mtDNA) data . DNA analysis also showed that some Asphondylia species exhibit host alternation across different plant families , Uechi et al. 2004 ). These observations pose questions about monophagy and oligophagy in other Asphondylia species.
Asphondylia sphaera Monzen, is known to induce fruit galls on Ligustrum obtusifolium Siebold and Zuccarini, Ligustrum japonicum Thunberg (Fig. 1) , Ligustrum lucidum Aiton, and Ligustrum ovalifolium Hasskarl (Oleaceae) in Japan (Monzen 1937 , Yukawa 1971 , Yukawa and Miyamoto 1979 , Yukawa and Masuda 1996 . This oligophagous host range has been determined by observed morphological similarities of the gall midges reared from fruit galls on these plants, but the host range has not been conÞrmed by molecular methods.
A. sphaera is mostly univoltine, except for a very few individuals that emerge during summer (Yukawa and Miyamoto 1979) . In southern Kyushu, Þrst instars normally pass through summer, autumn, and winter in fruit galls on the host; molt to second instars in midMarch of the following year; and to third instars at about the end of March (Yukawa and Miyamoto 1979) . Pupation takes place in early to late April. The pupal stage lasts Ϸ2 wk, and adults emerge in April and early May. This pattern of life history has been categorized as a type IIB strategy in gall midges (Yukawa 1987) .
In June 1980, some mature larvae of an Asphondylia segregate were found in the ßower bud galls (rarely in very young fruit galls) on L. japonicum at Kagoshima, Japan (Fig. 2) , when univoltine A. sphaera would be spending that season as Þrst instars in young fruit galls on the same host plant (Ohsako et al. 1981) . This segregate was Þrst identiÞed as A. sphaera because of morphological similarities. We considered that some individuals of A. sphaera had an additional generation in the ßower buds or very young fruit, and the remaining individuals were univoltine (Ohsako et al. 1981) . However, Yukawa and Masuda (1996) treated the ßowerÐ bud gall differently from the fruit gall induced by A. sphaera and emphasized the necessity of further investigation for species identiÞcation of the segregate, temporarily called the Ligustrum ßower-bud gall midge. The identiÞcation of Ohsako et al. (1981) needed to be conÞrmed at the molecular level to further clarify the life history strategy of A. sphaera.
Larvae of two other Asphondylia segregates mature in the same season as the A. sphaera. They are on Rhus succedanea L. (Fig. 3) and Rhus sylvestris Siebold and Zuccarini (Anacardiaceae); and the segregate on Helwingia japonica (Thunberg) F. G. Dietrich (Cornaceae) (Fig. 4) (Uechi et al. 2002) . These Asphondylia segregates are morphologically very similar to A. sphaera (Yukawa and Masuda 1996) . Their life cycles have been only partly clariÞed because they exist in the galls on the host plants during the short period from May to June, as does A. sphaera. In addition, these Rhus and Helwingia species are sympatric with L. japonicum. From these observations, we have been suspecting that A. sphaera uses, at least, Rhus species for galling, although it has not been conÞrmed at the molecular level .
The aims of this study are to 1) gather ecological information, especially life history traits of A. sphaera from fruit galls on different congeneric hosts, the segregates on Ligustrum ßowerÐ bud, on Rhus ßower-bud, and on Helwingia fruit; 2) determine the host range of A. sphaera by comparing molecular data between A. sphaera individuals obtained from fruit galls on different congeneric hosts; 3) examine at the molecular level the similarities of A. sphaera to the segregates on Ligustrum ßowerÐ bud, Rhus ßowerÐ bud, and Helwingia fruit; 4) illustrate the life history pattern of A. sphaera by combining the ecological and molecular information; and 5) discuss the adaptive signiÞcance of the A. sphaera life history strategy. Information on the host plant range and life history strategies of the gall midges will facilitate future evolutionary studies of gall midges with regard to their host range expansion, host alternation, and speciation by host shifting.
Materials and Methods

Collection and Preservation
Fruit galls on Ligustrum species, ßower-bud galls on L. japonicum, Rhus species, and fruit galls on H. japonica were collected from various localities in Japan (Table 1) . Some of the galls were dissected under a binocular microscope to examine developmental stages of the gall midges and to obtain larval and pupal specimens. The remaining galls were maintained in plastic containers (10 cm in diameter, 6 cm in depth) to rear adult midges. Mature larvae, pupae, or emerged adults were preserved in 99.5% acetone for molecular analysis. Specimens used in this study are kept in the collection of the Entomological Laboratory, Faculty of Agriculture, Kyushu University, Fukuoka, Japan.
Ecological Survey
Phenology of Gall Midges on Ligustrum and Rhus. The age structure and time of emergence of A. sphaera and the other segregates were assessed based on previous (Uechi et al. 2002) and recent data of gall dissection and adult emergence.
To monitor adult emergence of A. sphaera from the fruit galls of L. japonicum, 25 branches in total from six L. japonicum trees were numbered on 26 April 2001 with plastic labels at the Kyushu University Forest (KUF), Sasaguri Town, Fukuoka Prefecture, Japan. Approximately 100 fruit galls were found on these branches. From 5 May to 17 June 2001, the number of adult emergences was recorded in the Þeld at intervals of 2Ð 4 d. Similarly, eight branches in total from three L. japonicum trees were labeled on 19 May 2004 at a secondary forest in Ino, Hisayama Town, which is located Ϸ4 km northeast of KUF. Approximately 130 fruit galls were found on these branches. Adult emergence was recorded in the Þeld at intervals of 2Ð3 d until 17 June 2001. After recording the emergence, pupal cases left on the galls were removed, and emergence holes were marked with a felt pen to avoid double counting.
In mid-May 2001, at least 1,500 ßower buds existed on eight branches of the aforementioned 25 branches from six trees at KUF and on 20 additional branches from six trees at Ino. They were monitored until late June at intervals of 2Ð 4 d to determine the ßowering season.
Relative Abundance of Flower-Bud Galls to Fruit Galls on L. japonicum. Relative abundance of ßower-bud galls to fruit galls on L. japonicum was surveyed in June 1992 at Shiroyama, Kagoshima, Japan. At least 25,000 ßower buds and young fruit, respectively, were randomly collected from seven L. japonicum trees and dissected to examine whether they were inhabited by gall midge larvae.
Molecular Analysis
To conÞrm the host range of A. sphaera and identify the segregates on Ligustrum ßower-bud, Rhus ßower-bud, and Helwingia fruit, a partial mitochondrial DNA cytochrome oxidase subunit I (COI) region was analyzed using the specimens listed in Table 1 . For every individual, total DNA was extracted from the whole body with the DNeasy tissue kit (QIAGEN, Tokyo, Japan), following the manufacturerÕs instructions. A region of the COI gene of mtDNA was ampliÞed, puriÞed, sequenced, and electrophoresized following the methods described by Yukawa et al. (2003) . The primers used for the ampliÞcation were as follows: forward, 5Ј-GGA TCA CCT GAT ATA GCA TTC CC-3Ј (COIS) and reverse, 5Ј-CCC GGT AAA ATT AAA ATA TAA ACT TC-3Ј (COIA) (Funk et al. 1995) . These primers have been effectively used for many gall midges to determine intra-and interspeciÞc relationships , Uechi et al. 2004 , Tokuda et al. 2005 . Nucleotide sequence data re- ported in this study have been deposited in DNA Data Bank of Japan, European Molecular Biology Laboratory, and GenBank nucleotide sequence databases, with the accession numbers in Table 1 . The sequence data were analyzed with the neighbor-joining (NJ) method by using the software package PHYLIP version 3.573c (Felsenstein 1993) . Evolutionary distances were calculated by KimuraÕs twoparameter distances (Kimura 1980) . The resulting trees were subjected to bootstrap analysis (Efron 1982 , Felsenstein 1985 with 1,000 replications for the NJ tree.
Two European species, Asphondylia gennadii (Marchal) and Asphondylia verbasci (Vallot) were used as outgroup taxa. Sequencing data for the two host-alternating species, Asphondylia yushimai Yukawa & Uechi and Asphondylia baca Monzen (Uechi et al. 2004) were included in the analysis for comparison.
Results
Ecological Survey
Gall Midges in Fruit Galls on L. obtusifolium and L. lucidum. In August and October, only Þrst instars were present in the fruit galls, and they developed into second and third instars and pupae the following April and May. Adult emergence was observed from midApril to late May. In 2001, L. obtusifolium started to ßower on 18 May in Fukuoka, and all ßowers had opened by 5 June. Therefore, females could lay their eggs in young fruit of L. obtusifolium in May and June. These data show that gall midges in the fruit galls on the two Ligustrum species have a univoltine life cycle, overwintering in the fruit galls as Þrst instars, as has been noted in the univoltine population of A. sphaera in the fruit galls on L. japonicum (see Introduction).
Asphondylia sp. in Flower Bud Galls on L. japonicum. First instars were found from early March to June in ßower-bud galls on L. japonicum and matured quickly from late May to mid-June. Adults emerged from mid-to late June, but no suitable ßower buds for oviposition existed on the host trees. This Þnding indicates that eggs were laid in early spring in ßower buds by females coming to the host trees from a different kind of gall.
Asphondylia sp. in Flower-Bud Galls on R. succedanea and R. sylvestris. Gall dissection data indicated that pupation took place in early June and that adults emerged from mid-to late June. It is highly probable that the gall midges on the Rhus species have one generation on the host ßower buds, as in A. sphaera, because ßower buds of Rhus species exist only from April to June.
Asphondylia sp. in Fruit Galls on H. japonica. The Þrst instars of the segregate on Helwingia fruit developed quickly into the second and third instar, and they pupated in early June. Adults emerged from early to mid-June, but females had nowhere to lay their eggs on this host, because the ßowering season of Helwingia had Þnished by then and mature fruits had dropped to the ground during summer. Thus, the segregate on Helwingia fruit has only one generation on this host.
Field Observation of A. sphaera Emergence. In the KUF, 23 A. sphaera adults in total emerged from the 100 fruit galls on L. japonicum that had been monitored during the Þeld survey. The remaining galls were Þlled with blackish fungal mycelia instead of live or dead larvae or pupae of the gall midge. By 11 May, when the Þeld survey started, 13 adults (Ϸ57% of the 23) had already emerged from the fruit galls on L. japonicum (Fig. 5) .
At Ino, 24 A. sphaera adults in total emerged from the 130 fruit galls on L. japonicum that had been monitored during the Þeld survey. The remaining 106 galls dropped to the ground or contained the blackish fungal mycelia. By 19 May, when the Þeld survey started, 17 adults (Ϸ70% of the 24) had already emerged from the fruit galls (Fig. 5) . The ßowering season of L. japonicum started on 31 May, and lasted until the end of June (Fig. 5) .
Relative Abundance of Flower-Bud Galls to Fruit Galls on L. japonicum. The percentage of ßower bud galls on L. japonicum was much smaller than that of fruit galls (Table 2) . Thus, only a few of the early emergent females laid their eggs in ßower buds.
Molecular Analysis
The ampliÞed mitochondrial COI gene fragment was 439 bp. This region corresponds to the bases 1,752Ð2,190 of the genome of Drosophila yakuba Burla (Diptera: Drosophilidae) (Clary and Wolstenholme 1985) . Four haplotypes were found in A. sphaera from fruit galls on L. obtusifolium; four on L. japonicum, including two individuals emerged on 23 June, which was 2 mo later than usual (Table 1) ; and 2 on L. lucidum (Fig. 6 ). These haplotypes were not representative of host races or geographical variations. At most, 4-bp differences could be found among them. In individuals of the segregate on Ligustrum ßower-bud, we found only one haplotype, which coincided with one of the haplotypes of A. sphaera (Fig. 6) . Five haplotypes were found in the individuals from R. succedanea, and two halotypes from R. sylvestris. Two of the halotypes were common among specimens from different Rhus species. Three of these haplotypes of the segregate on Rhus ßower-bud were identical with those of A. sphaera. R. succedanea and R. sylvestris are therefore recognized for the Þrst time as host plants of A. sphaera.
Monophyly of the clade including A. sphaera on fruit galls of L. obtusifolium, L. japonicum, and L. lucidum, and segregates on ßower-buds on L. japonicum, R. succedanea, and R. sylvestris was supported by a 100% bootstrap value in the NJ tree (Fig. 6) . The segregate on Helwingia fruit was not included in the analysis, because the primers did not amplify the partial COI region of this segregate.
Discussion
Host Range of A. sphaera. The current molecular analysis conÞrmed the previous observations that A. sphaera used the fruit of L. japonicum, L. lucidum, and L. obtusifolium (Monzen 1937 , Yukawa and Miyamoto 1979 , Yukawa and Masuda 1996 and the ßower buds of L. japonicum (Ohsako et al. 1981) . The analysis also revealed that A. sphaera uses R. succedanea and R. sylvestris. As has been suspected by Uechi and Yukawa (2006) , Rhus species may have an important role as short-term alternative hosts that are available for galling in early summer. We now regard A. sphaera as a polyphagous species, by using plant species belonging to two botanical families, Oleaceae and Anacardiaceae.
Oligophagy, as well as monophagy, is common in gall midges, but polyphagy has been recognized in only seven species of gall-inducing Cecidomyiidae (Skuhravá 1986; Gagné 1989 Gagné , 1994 Gagné , 2004 Yukawa and Masuda 1996) . Of these, Asphondylia websteri Felt (Gagné and Wuensche 1986) , Contarinia maculipennis Felt , and Lasioptera kallstroemia Felt (Gagné 1989 ) use simultaneously more than one plant family throughout the year. Three species, A. gennadii, A. yushimai, and A. baca, exhibit seasonal host alternation between different plant families. A. sphaera exhibits "shortÐterm polyphagy," occasionally using shortÐterm alternative hosts only in early summer.
Life History Strategy of A. sphaera Using ShortTerm Alternative Host Species. As indicated in Fig. 7 , A. sphaera is fundamentally a univoltine species, but part of the population uses shortÐterm alternative hosts in addition to the main annual hosts. The fruit of Ligustrum species is an annual host organ and the ßower buds of L. japonicum and Rhus species are short-term alternative host organs.
The adults emerge in April to May Miyamoto 1979, Yukawa and Masuda 1996) . Females normally lay their eggs in young fruit of Ligustrum, but some earlier emergent females lay their eggs in ßower buds. Flower buds of Rhus are also available for these earlier emergent females. Larvae develop rapidly and pupate in ßower-bud galls on Ligustrum and Rhus. After spending two or more weeks on these short-term alternative host plants or host organs, adults of A. sphaera emerge in June. These females then ßy from ßower buds of Ligustrum or Rhus to young Ligustrum fruit that is still available for oviposition. First instars pass through summer, autumn, and winter in the fruit galls together with univoltine individuals. By using short-term alternative hosts, A. sphaera effectively adds a generation and increases the population size, but only a small portion of the whole population of spring emergent adults can contribute to the additional generation, because of 1) high mortality of immature stages in the ßower-bud galls: at least 70% of ßower buds drop to the ground in May (J.Y., unpublished data), 2) difÞculties in synchronization with the season of ßower bud development: the duration of the ßower bud stage is much shorter than that of the young fruit stage. In addition, ßower bud production by L. japonicum ßuctuates considerably from year to year, almost on a biennial cycle (J.Y., unpublished data), and 3) phylogenetic constraint: species exhibiting a type IIB life-history strategy (Yukawa 1987) overwinter as Þrst instars, which require a longer period of time to mature after overwintering, in comparison with type IIA species that overwinter as mature larvae and induce galls on young leaves in early spring. To synchronize with ßower bud phenology, these larvae have to mature more rapidly than individuals that use young fruit for galling.
Very few individuals emerge from the fruit galls on L. japonicum during summer (Yukawa and Miyamoto 1979) , and they were revealed by molecular analysis to be identical with spring emergent adults. They may not be able to use Ligustrum fruit in summer because the fruit is already developed and contains hard seeds. Further survey is needed to clarify possible use of alternative hosts during summer and fall, and the contribution of such hosts to the next generation.
